We have identified ecdysone-response elements (EcREs) by studying regulation of the steroid-responsive Drosophila Eip28/29 gene. First, functional assays of deletion mutants identified large sequence regions required for the response; then a blotting method using the specifically labeled steroid receptor as probe 
Ecdysone is the steroid molting hormone of arthropods; it regulates the molting cycle and provokes the remarkable developmental events associated with metamorphosis. Ever since the pioneering work of Clever (1964) and Ashburner (see, e.g., Ashburner et al. 1974 ) on hormone-induced puffing in salivary gland chromosomes suggested that ecdysone might act by regulating transcription, it has been attractive to suppose that all of the steroid hormones are functionally related and that they control transcription by similar mechanisms. If so, studies of ecdysone action in Drosophila should contribute significantly to our understanding of the mechanistic bases of the developmental specificity of steroid effects.
Strong evidence has accumulated demonstrating that the vertebrate steroids do share a common mechanism of action, a mechanism that depends on a conserved family of ligand-dependent transcription factors, the steroid receptors. Each receptor binds its cognate ligand tightly and specifically and, in the presence of steroid, these zinc-finger proteins also bind to specific hormone response elements (HREs) in the vicinity of responsive genes. The HREs function as hormone-dependent tran-'The two first authors ate listed alphabetically. scriptional enhancers. The HREs for the vertebrate steroid hormones constitute a family of short, more-or-less palindromic, and closely related DNA sequences, which are strongly conserved among vertebrates (for review, see Evans 1988; Beato 1989; Carson-Jurica et al. 1990 ).
In the case of ecdysone, considerable indirect evidence is consistent with a similar mechanism of action, but direct evidence for transcriptional regulation by ecdysone receptors has been elusive. Thus, active ecdysones are known to bind with appropriate affinities to a nuclear protein (or proteins) present at low abundance in responsive cells and thought to be receptor(s) (Maroy et al. 1978; Yund et al. 1978; Sage et al. 1982; Cherbas et al. 1988) , and a number of genes with the response characteristics of immediate hormone targets ("early effects") are known (for review, see Cherbas et al. 1986a; Ashburner 1990; Segraves and Richards 1990) . Using one of these genes (hsp27], Riddihough and Pelham (1987) described an upstream sequence sufficient to confer hormonal inducibility in transient assays. They proposed, but did not establish, that a protein binding that sequence is the ecdysone receptor.
Our goal has been to identify ecdysone-response elements (EcREs); to do so we have begun by identifying sequences necessary for the hormonal regulation of the gene Eip28/29, which is ecdysone-inducible in some Diosophila cell lines (Savakis et al. 1980 (Savakis et al. , 1984 and in some larval tissues (Andres 1990) . In cell lines this induction is known to be transcriptional and rapid (Savakis et al. 1980 (Savakis et al. , 1984 Bieber 1986) ; in these respects, its regulation can be considered analogous to that of the "early puffs" in the salivary gland. The region just upstream of Eip28/29 is transcriptionally complex; the genes z600, gdl, and Eip28/29 are represented by overlapping transcription units on a single DNA strand, but the three genes are expressed at very different times and places in development Schulz and Butler 1989; Schulz and Miksch 1989) . Of particular interest in the present context is the fact that gdl, whose 3'-noncoding region overlaps the 5' end of Eip28/29, is expressed at a low level in Kc cells but is entirely unaffected by ecdysone . Hence, any satisfactory explanation for the ecdysone responsiveness of Eip28/29 must also account for the fact that its overlapping upstream neighbor is hormone refractory.
In the present communication we describe the sequences of several functional EcREs. These elements have been identified by their roles in the cis regulation of Eip28/29, by their ability to bind ecdysone receptors, and by their ability to confer hormonal inducibility on suitable reporters. Taken together, these sequences (along with the sequence described by Riddihough and Pelham 1987) provide a consistent picture of the nature of an EcRE. Both the fact that the ecdysone receptor binds to EcREs and the sequence content of the EcREs themselves provide strong support for the idea that ecdysone and its receptor are elements of a highly conserved signal response system very similar to that of the vertebrate steroid hormones.
Results
We began by using deletion mutagenesis and transient expression in Diosophila cells to map sequences involved in the ecdysone responsiveness of Eip28/29. Both the Kcl67/M3 and EH34A3/M3 cell lines show excellent Eip28/29 induction, and both yield good gene expression following transfection; we have used both lines, with indistinguishable results, in the experiments that follow (see Materials and methods).
All of the cell lines we have tried share the serious handicap that simple exposure to the conditions of transfection reduces the magnitude of the ecdysone response as judged by Eip28/29 induction. Thus, after any transfection (see, e.g., Fig. 1 ) or mock transfection (no exogenous DNA; data not shown) the endogenous Eip28/29 gene is induced only 3-to 4-fold (Fig. 1 , lanes 3-6) rather than 10-to 15-fold as it is under normal conditions (lanes 1-2). Although this constriction of the dynamic range of the response may eventually prove limiting, it has not, in the present instance, prevented us from identifying regions with strong effects on the hormone response.
For our initial experiments (Fig. 2 ), plasmids were constructed in which £ip28/29-flanking sequences of varying extents were combined with either of two re- Table 1 indicates that basal expression (i.e., hormoneindependent expression) does not require an extended 5'-flanking region; constructs containing only 188 bp of 5'-flanking DNA yield essentially full basal expression. Relative basal expression levels were determined for most of the Eip transcription unit-based constructs shown in Figure 2 by cotransfecting with an Adh-expressing plasmid, normalizing, and comparing the results with construct 1 (see Materials and methods). For construct 1 itself, our impression, on the basis of results from numerous permanently transformed clonal cell lines, is that expression per gene copy is comparable to that for the endogenous gene (data not shown). Save for a very minor decrease in expression when the 5'-flanking region extends upstream of -657-a decrease that may be related to the presence (and function; data not shown) of the gdl promoter-exceptional levels of basal expression were exhibited by only two constructs, 3 and 12. Construct 3 lacks introns, and we suspect that its diminished expression reflects instability of the primary transcript. Construct 12 is more interesting. This construct, which has the shortest 3'-flanking region tested, exhibits reproducibly elevated basal expression (e.g.. (Cherbas et al. 1986b) , gdl, and z600 Schulz and Butler 1989) Because the cat data are not directly comparable, we cannot eliminate the possibility that sequences internal to the Eip transcription unit contribute to basal expression. We know from experiments using cat reporters that sequences just 3' of the transcription unit, in region B, are important for full basal expression in Kcl67 and EH34A3 cells (data not shown).
Numerous elements, distributed widely within both flanking sequences, contribute to a full ecdysone response
Figure lA (lanes 5 and 6) demonstrates that the tagged Eip28/29 gene in construct 1 is fully inducible in the Basal expression was measured by Northern analysis, and the measurements were corrected by reference to the cotransfected control plasmid Eipl88-Adh. Construct 1 was included in each experiment, and all values were normalized by setting the expression of construct 1 to 1.00 (for construct structures, see Fig.  2 ). Data are presented as relative expression ± SE (independent experiments). Inter se differences among the four groups were highly significant (P < 5% for the first two groups; P « 1% for the others by t-tests).
sense that its induction ratio (3.2) is comparable to that for the endogenous gene.
Comparison of the first group of constructs in Figure 2 shows that 3'-flanking sequences are important to the full ecdysone response. Constructs 1 and 4 do not differ significantly; hence, we doubt that significant elements reside to the right of -I-5882 on the map. However, constructs 10 and 11 (deleted for region D) show a modestly reduced hormone response. Further 3' truncation as in construct 12 (deleted for both regions C and D) leads to a marked additional reduction of the response.
These results show the essentially full induction of constructs 1 and 4 ( The weak induction of construct 12 appears to be due, at least in part, to the significant elevation in its basal expression noted earlier.
The second group of constructs was derived from minigenes and lacks introns. Comparison of the ecdysone responses of appropriate pairs (constructs 3 with 1 and 14 with 12) suggests that the introns do not contribute significantly to the response.
A third group of constructs lack the 5' region A. This set (constructs 5-7) can be compared fruitfully with construct 4, which has the same 3' extension. The comparison shows that deletion of region A reduces the ecdysone effect modestly.
Finally, to eliminate effects of all the Eip28/29 transcription unit sequences, we have constructed a series of cat fusions (constructs 8, 9, 15, and 16). Constructs (15 and 16) that contain 188 or 657 bp of 5'-flanking sequence are not induced by ecdysone. Ecdysone treatment leads to a reduction (~ 20%) in their expression. Previously, we had observed just such a reduction with a variety of reporter plasmids assumed to be wholly nonresponsive to ecdysone, for example, pSYl.cat (Gorman et al. 1982,-L. Cherbas and N. Rosenthal, unpubl.) . We suppose that this is due to some unknown effect of ecdysone on the uptake, retention, or expression of exogenous DNA, and we take an induction ratio of 0.8 to represent a truly "null" response. In contrast, cat constructs (8 and 9) that contain the 3' regions B, C, and D coupled with the same 5' sequences give ecdysone responses comparable to those of constructs 5-7, which contain essentially identical flanking regions.
Our results indicate that some element (or elements) within each of the four regions can contribute, at least in certain circumstances, to expression of a full ecdysone response. This is more clearly shown in Table 2 , where the data have been aggregated according to the flanking regions included. Plainly, we observe four distinct levels of inducibility, and these reflect the complement of important flanking regions included. The residual inducibility of group III must be due to elements located within either region A or B. We are confident that B contains a weak EcRE because cat constructs containing region B coupled with only 188 bp of upstream sequence have inducibilites comparable to those of constructs 12 and 14 and because constructs containing extensive upstream sequences, but lacking downstream sequences, are not inducible (data not shown).
Evidently, sequences contributing to the ecdysone response, while absent from the transcription unit per se, are widely distributed in the regions flanking Eip28/29, with at least one significant element in the upstream region between -2007 and -658 and three dispersed elements within the 3735 bp downstream of the polyadenylation site. Each of these elements is a candidate to be an EcRE. Given the extent of the DNA to be tested, we elected to proceed by searching for sites that bind the ecdysone receptor.
A blotting assay identifies thiee receptor-binding sites near Eip28/29
We devised an approach to facilitate the screening of extended regions of DNA for receptor-binding sites. Briefly, separated restriction fragments were blotted, as native double-stranded molecules, to a cationic membrane. After membrane blocking, receptor-binding sites were probed by incubating the membrane with a crude extract in which the ecdysone receptor had been specifically labeled with the hormone analog 26-[^^^I]iodoponasterone A (for details, see Materials and methods; Cherbas et al. 1988) .
The sensitivity of such a screen ought to be dependent on restriction fragment length. Typically, steroid receptors display only modest DNA-binding specificity, affinities for specific sites being only -10^ those for Data are presented as induction ratio ± SE (independent experiments). Constructs and regions are defined in Fig. 2 . Inter se differences among the four groups were highly significant (P < 2% for every comparison by t-tests).
random sites (see, e.g., Pfahl 1982) . If the ecdysone receptor behaves similarly, and if a signal/background of 2 is selected as a practical threshold, fragments should not exceed 1 kb. Figure 3 shows some typical results. A low-resolution experiment in which the starting DNA (-657 to + 7100) was cut into mostly large restriction fragments is shown in Figure 3A . Most fragments show nonspecific binding giving an autoradiographic signal roughly proportional to fragment length (a conclusion confirmed by densitometry; data not shown). However, in this instance, it is clear that the two smallest fragments 432 bp) yield disproportionately strong signals indicative of high-affinity sites. As expected, neither site could have been discerned by inspection of the corresponding large fragments {Bglll-a and Pstl-a, both >5 kb). In such low-resolution experiments, only restriction fragments less than ~1 kb in length are fully informative, although impressions based on somewhat larger fragments have generally survived further testing.
When the restriction fragments are smaller, as in Figure 3B , the identification of high-affinity sites becomes unambiguous. An experiment involving the 432-bp fragment Bglll-d from Figure 3A is shown in Figure  3B . A series of four bifurcations of the fragment delineate a 27-bp region that is evidently critical for binding. This site is designated Prox since it is the more proximal of two downstream binding sites.
All of the binding that we observe, both nonspecific and specific, is due to ecdysone receptor: (1) All of the binding can be blocked by competition with unlabeled steroid (muristerone A, 10"'^ M); and (2) previously, it has been demonstrated for similar extracts labeled under comparable conditions that all competition-sensitive binding is due to a protein (or proteins) with the steroid specificity of ecdysone receptor (Cherbas et al. 1988 ). Thus, unbound (or nonspecifically bound) ligand does not contribute to the signals that we observe; similarly, prior removal of unbound label (by gel filtration) does not affect the results (data not shown).
Using this blotting assay we have looked for receptorbinding sites throughout most of a 9-kb region around Eip28/29, covering virtually all of the sequence from -1929 to -1-7100 with overlapping restriction fragments of < 1 kb, as summarized in [A] Coarse map-A ping of binding sites in the Eip28/29 region. A plasmid whose insert is similar to construct 5 but extends downstream to -I-7100 (see Fig. 2 ) was digested with Pstl or Bglll, and the resulting fragments were separated by electrophoresis (1% agarose in TAE, 4 |xg DNA/lane) in duplicate panels. After electrophoresis, one panel was stained with ethidium bromide, and the entire gel was electroblotted. The stained i Pst i PT portion of the blot was photographed {left); 2 B i n ithe unstained portion was incubated with a ^^^I-labeled receptor-ligand mixture (see Materials and methods) and autoradio-,, '-' graphed [right] . In the map of the insert, fragments are labeled simply a-d in decreasing order of size. There are no sites for either enzyme in 2.7 kb of pUC8 vector sequence. The positions of the Eip28/29 transcription unit, the X. insert (hatched), and fragments that bound the labeled receptor disproportionately (Upstream and Prox] are indicated below the map.
[B] Fine mapping of the binding site Prox. The starting fragment was an isolated 432-bp B^ill fragment (fragment d in ^4). To control for blotting efficiency and for the effects of washing, all operations were carried out in parallel on two DNA samples: unlabeled DNA and "tracer DNA" that had been labeled with ^^P by nick translation. Aliquots of each DNA (0.2 ixg) were digested with the enzymes indicated and electrophoresed (8% polyacrylamide in TBE); the entire gel was electroblotted. The unlabeled panel was incubated with '^^I-labeled receptor-ligand complex, and washed; the tracer panel was autoradiographed, incubated, and washed similarly, except that cell extract and ^^^I-labeled steroid were omitted from the incubation. Both panels were visualized by autoradiography. For comparison, we applied the same assay to the upstream region of hsp27 in which a 23-bp region (-551 to -529; Riddihough and Pelham 1987) confers ecdysone responsiveness. Our survey covered the 5'-flanking region of hsp27 from -757 to -124 and revealed high-affinity binding due to a site (or sites) within the region -562 to -514, a region that includes the element as described previously (data not shown).
Sequences of the four binding fragments (including the 23-bp hsp27 element as described by Riddihough and Pelham 1987) are presented in Figure 5A , where they have been aligned to emphasize an obvious common element: Each fragment contains at least one copy of the sequence 5'-TGA(CA)C-3', usually followed by two pyrimidines, as the right arm of an imperfect palindrome with a single nucleotide at the center of symmetry. When a fragment containing Upstream was cut with Ms el (recognition site T/TAA), to disrupt the left half of the palindromic region, binding was eliminated (data not shown), supporting the idea that sequences near the conserved box are significant for binding. Further evidence in support of that conclusion is discussed below. Dist contains two copies of the conserved palindrome, as indicated by the two alignments drawn in Figure 5A . Appropriate digestions can release either Dist*, which contains two "complete" palindromes or Dist (5 bp shorter)^ in which the left arm of the more proximal dyad is truncated. To establish that the fragments shown in Figure 5A contain all of the sequence necessary to give high-affinity binding, we subcloned them into pUC18 or pUCLl (see Materials and methods) and tested the resulting plasmids for receptor binding. The tested fragments were precisely those shown in Figure 5A (with any 5' extensions filled in prior to cloning). In each case, insertion of a binding element converted the polylinker from binding-negative to binding-positive (data not shown). Both Dist and Dist* give positive results, indicating that the more downstream consensus is functional for binding; the functionality of the more upstream palindrome remains to be tested (but see below).
Receptor binding regions contain functional EcREs
To establish that these binding regions contain EcREs, we inserted each into a similar location -240 bp upstream of the transcriptional start. Our test vector was Cold Spring Harbor Laboratory Press on November 6, 2017 -Published by genesdev.cshlp.org Downloaded from very similar to construct 16 in which the only Eip28/29-derived sequence consists of a short promoter region (-188 to +11) driving the cat reporter. In the test vector X-188-cc-cat, a long polylinker has been added directly upstream of the Eip segment. As shown in Figure 5B , the vector is ecdysone nonresponsive, giving the usual 20-30% reduction in cat expression following hormone treatment.
That the i2sp27-derived element functions well, giving inductions of -65-fold, is confirmation in a new test environment of the observations of Riddihough and Pelham (1987) . In addition, each of the receptor-binding sites derived from Eip28/29 functions as an EcRE, though their potencies vary: Element Dist* is most effective (inductions of ~20-fold), Prox and Dist appear to be intermediate in effect, and Upstream gives marginal, although reproducible, induction. In the case of Prox, two insertion sites differing by 13 bp were tried {Prox-A, Prox-B in Fig. 5B) , and a small but probably genuine position effect was observed. Although the activity of Dist has been measured only once, two separate experiments measured the relative effects of Dist* and Dist; Dist* is evidently 2.4-to 3-fold more active, suggesting that the more proximal palindrome present in Dist* contributes to its potency as an EcRE.
To identify the critical nucleotides with greater certainty, the plasmids UN hsp and 15 N hsp were constructed by synthesizing oligonucleotides whose sequences match the hsp27 23-mer internally but diverge at the ends. As shown in Figure 5B , 15 N hsp was fully active as an EcRE; UN hsp was nonfunctional in these assays, and it also failed to bind ecdysone receptor (data not shown). These observations confirm our conclusion that the critical sequence for both receptor-binding and EcRE activity is the palindromic region indicated in Figure 5A .
The data in Figure 5B demonstrate a more remarkable aspect of the hormone response: Ecdysone inducibility arises as a result of both derepression and activation. In every construct containing an EcRE, basal expression is depressed about fourfold relative to the vector. Fiormone both alleviates this repression and activates expression to a level substantially above that of the unmodified vector. It is interesting that Upstream, which is a poor EcRE, appears to be equivalent to Dist* as an inhibitory element. Both aspects of EcRE activity, depression of basal expression and induction by ecdysone, have also been observed in constructs using a heterologous promoter (K. Lee and P. Cherbas, in prep.).
Discussion
Our principal goal in this work has been to recover EcREs and so begin the process of understanding their functions. We have succeeded in identifying three new examples of short regions bearing functional EcREs, and the properties of these regions along with those of the hsp27 region, studied originally by Riddihough and Pelham (1986) , are immediately suggestive.
Sequence comparisons (Fig. 5A ) and functional tests (Fig. 5B) are consistent with the idea that functional EcREs are composed of half-sites of the hexamer 5'-TGA(AC)CY-3', with the most effective elements organized as imperfect palindromes having a single undefined base at the center of symmetry. As described previously, a single restriction cut within this palindrome can obliterate high-affinity receptor binding. Similarly, it is significant that Dist contains two imperfect but palindromic copies of this consensus and that both appear to contribute to its function. The 23-bp region from hsp27 is complex, containing two partially overlapping palindromes. Riddihough and Pelham (1987) . Similarly, we believe that our conclusions concerning EcRE structure are more compelling than previous inferences (Pongs 1988; Beato 1989) , which implicated other portions of the hsp27 23-mer, solely on the basis of sequence comparisons among promoters thought to be ecdysone responsive.
Taken together with the new observation that the ecdysone receptor is a specific DNA-binding protein that interacts with EcREs (see below), the EcRE consensus suggests strongly that ecdysone receptors are members of the steroid receptor superfamily and that ecdysone acts by mechanisms homologous to those for the other steroids. The vertebrate receptors can be classified according to the sequences of their HREs (Evans 1988; Beato 1989) . One group (which includes the glucocorticoid, progestin, androgen, and mineralocorticoid receptors) recognizes the half-site 5'-TGTTCT-3'. A second group (which includes the estrogen, thyroid hormone, retinoic acid, and vitamin D receptors) recognizes the half-site 5'-TGACCT-3'. This classification is certainly an oversimplification because differences in spacing and small sequence differences are apparently reflected in significant binding specificity (Glass et al. 1988 (Glass et al. , 1989 Sucov et al. 1990 ). Nonetheless, the classification correlates well with sequence relationships among the receptors, particularly with relationships among their DNA-binding domains (Danielson et al. 1989; Mader et al. 1989; Umesono and Evans 1989) . Thus, the EcRE consensus suggests a close relationship between the ecdysone receptor and the estrogen, thyroid, retinoic acid, and vitamin D receptors. Studies of a cloned ecdysone receptor have confirmed this inference (M. Koelle, W. Talbot, W. Segraves, M. Bender, P. Cherbas, and D. Hogness, in prep.).
Although crude receptor extracts labeled by specific steroid binding have been used previously to localize HREs (see, e.g., Pfahl 1982; Glass et al. 1987) , the extension of this procedure by blotting has proved to be a par-
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Cold Spring Harbor Laboratory Press on November 6, 2017 -Published by genesdev.cshlp.org Downloaded from ticularly simple and effective mapping tool. Still, our use of it has thus far been entirely pragmatic and the assay is relatively undefined. Most importantly, our experiments suggest but do not prove that ecdysone receptors bind directly to EcREs. Assuming such binding, the ecdysone receptor is comparable to the other steroid receptors in the magnitude of its DNA specificity as well, because in our assays the presence of a single EcRE approximately doubled the signal due to a 1-to 2-kb fragment of nonspecific DNA (cf. Pfahl 1982) .
Although our binding survey gave no false-positive results-in the sense that all of the sequences identified by blotting proved to be functional EcREs-we know little about its sensitivity and about the frequency of false negative results. On the one hand. Upstream gave a signal indistinguishable from hsp27 despite large differences in their biological effects; on the other, we know that additional EcREs must exist, for example, within region B, and that these were not detected. We have occasionally observed intermediate levels of binding by some small DNA fragments (L. Cherbas, unpubL) , but none of these sites has been mapped. The sequenced region around Eip28/29 contains many copies of the halfsite sequence 5'-TGA(AC)CY-3', only a few of which tested positive for binding. One possibility is that the blotting assay selectively detects palindromic sequences, but that in vivo "isolated" half-sites can interact over longer distances. Another is that cooperative interactions involving other proteins stabilize some weak EcRE-receptor interactions in vivo but not in our assays.
In any event, until the purified ecdysone receptors become available, the blotting procedure appears to be a practical way to map EcREs. We suspect that with appropriate modifications, it may prove more generally useful in situations where it is possible to use a ligand to label specifically one component of a crude extract.
Although we have identified EcREs in the context of a more general analysis of the hormonal regulation of Eip28/29, our studies of that gene have not yet progressed to the point where we can unambiguously identify the three known EcREs as the necessary elements. Still, it is clear that the ecdysone sensitivity of Eip28/29 depends largely on the presence of sequences downstream of the transcription unit, a result that appears reasonable in light of the insensitivity of the gdF promoter to the hormone. Similarly, it is satisfying that two of the EcREs recovered fall within regions required for a full ecdysone response {Prox within region C and Dist within region D). We have noted previously that the third downstream region [B] must contain a weak EcRE that has not yet been identified. For reasons explained earlier we doubt that the stimulatory element! s) in region A is an EcRE; nor does this region exert any obvious effect on basal transcription. Thus, its stimulatory effect on the Eip28/29 ecdysone response is intriguing, particularly because region A falls largely within an independent and nonresponsive transcription unit [gdl^] and includes its promoter.
The role of Upstream is puzzling, as our experiments have revealed no effect of that element on the 15 and 16 ). Yet when the Upstream sequence is moved from its normal location (-453) to -188, it yields a small but easily detectable response.
Were Upstream a substantially weaker binding site than Prox or Dist, its inactivity in situ might plausibly be ascribed to distance. Although we cannot eliminate that possibility, we suspect that affinity differences of the magnitude necessary would have been detectable in the binding assays. Interesting alternative explanations are possible: A sequence between -453 and -188 may "block" the effects of receptor bound at Upstream}.or a DNA-binding protein whose specificity overlaps thAt of receptor may compete for binding at Upstream in vivo. Our interest in this problem is considerably enhanced by the observations (Andres 1990 ) that (1) Eip28/29 is expressed and regulated by ecdysone in numerous tissues of fly larvae; and (2) downstream sequences are required for its regulation in only a subset of those tissues, while sequences upstream of -188 are required in another subset (including epidermis and fat body). Thus, we consider it plausible that Upstream is a functional EcRE under some circumstances and is involved in the regulation of Eip28/29 in some tissues. If so, the specificity might well hinge on the tissue-specific expression of proteins regulating the function of Upstream.
Finally, we turn to the observation that in the absence of hormone, the presence of an EcRE represses expression. The repression itself and the derepression and superactivation induced by hormone are clear in the data of Figure 5B , and all of the effects become still more pronounced when EcREs are introduced as multimers (K. Lee and P. Cherbas, in prep.) . Whether the downstream EcREs have the same effects in situ is an open question. Certainly, this would provide an economical explanation for the elevated basal expression of construct 12 (Table 1 ; Fig. 1A,B) , which lacks both of the strong EcREs Prox and Dist. The alternative explanation, that basal expression in that construct is elevated due to the removal of a distinct inhibitory element downstream of region B, will require testing by more detailed mutagenesis.
Inhibitory effects of HREs in the absence of hormone are not unknown, the most notable example being the thyroid HRE, which is comparable to an EcRE in its effects (Damm et al. 1989) . Although it is possible that the "unliganded" ecdysone receptor binds to an EcRE and represses, we favor the alternative explanation that inhibition results from competition between DNA-binding proteins with overlapping but distinguishable specificities. According to this explanation, the ecdysone-receptor complex displaces an inhibitory protein bound previously at the EcRE. The fact that Upstream gives comparable inhibitions to far stronger EcREs (Fig. 5B) provides some (albeit inconclusive) support for this hy-pothesis. There is precedent in the literature for competitive interactions between steroid receptors and other proteins for binding to HREs (Briiggemeier et al. 1990; Crawford and Chapman 1990) . It is intriguing to note that the steroid receptor-like proteins encoded by the Diosophila genes E75 (Segraves and Hogness 1990) , CPl (Shea et al. 1990) , tU (Pignoni et al. 1990) , svp (Mlodzik et al. 1990) , kni (Nauber et al. 1988) , kml (Oro et al. 1988) , and egon (Rothe et al. 1989 ) all have sequences suggesting binding to TGACCT-related half-sites (for a summary, see Pignoni et al. 1990 ). The CFl product has been shown experimentally to bind to such a sequence (Shea et al. 1990 ). Thus, it is not only true that each of these proteins is a candidate for the role of the putative inhibitory factor but that a network of competitive regulatory interactions with important developmental consequences may exist.
Materials and methods

Nomenclature
We use ecdysone as a generic name for compounds with the appropriate biological activity, in analogy with the terms estrogen or progestin . This reflects common usage. 20-Hydroxyecdysone is the major naturally occurring ecdysone.
Cell lines
We selected suitable host cell lines after a preliminary survey of Drosophila lines available to us, checking both induction of Eip28/29 and expression of transfected DNA. The lines S2/M3 [ (Schneider 1972) adapted by S. Lindquist to growth in M3 medium (Shields et al 1975) , supplemented with 10% fetal calf serum], G2 (a gift from W. Gehring), GM3 (Mosna and Dolfini 1972) , DM1 (Schneider 1972 ; a gift of C. Benyajati), and EAdh"^' (a line derived from Adh-null flies by H.-P. Bernhard; a gift of W. Gehring) exhibited poor induction; the lines S3 (Schneider 1972 ; a gift of C. Wyss) and Kc-H (clone A3A11; Cherbas et al. 1986b) were very poorly transfectable. Both Kcl67/M3 and EH34A3/M3 cells gave satisfactory results.
Kcl67/M3 cells (Cherbas et al. 1988) were grown in M3 medium (Shields and Sang 1977 ; as modified by Lindquist et al. 1982) supplemented with 5% heat-inactivated fetal calf serum. EH34A3/M3 cells were derived from the shibire clone EH34A3 (Woods and Poodry 1983) by adaptation to growth in M3 medium supplemented with 12.5% heat-inactivated fetal calf serum.
Steroids 20-Hydroxyecdysone was purchased from Simes spa (Milan), stored, and administered as described previously . lodoponasterone labeled with '^^I was prepared according to Cherbas et al. (1988) .
Plasmids
Unless otherwise specified, constructions were in pUC8 (Vieira and Messing 1982) with the 5' end of the insert oriented toward the Hindlll site of the polylinker. All Eip28/29 fragments were derived from pCglOl-1 (Cherbas et al. 1986b) or from the Charon 4 clone Cs500 (Eickbush 1987) . Many constructs contained tagged Eip28/29 genes in which a 499-bp Sail fragment from bacteriophage X was inserted at a SnaBl site at position -1-2070 (using an Xhol linker). The 5' ends of the constructs shown in Figure 2 are an Xhol site at -4600 (construct 11), a Hindlll site at -2007 (constructs 1, 3, 4, 10, 12, and 14), a Pstl site at -657 (constructs 5, 8, and 15), and BAL-31-generated, Hindlll-linkered sites at -188 (constructs 7, 9, and 16) and at about -400 (construct 6, whose 5' end has not been sequenced). 3' Ends of the constructs are a Hiridlll site at -1-7100 (constructs 1 and 3), a Hpal site at -1-5882 (constructs 4-9), an Xhol site at -1-3756 (constructs 10 and 11), or a Bglll site at -1-2484 (constructs 12 and 14). [Coordinates given represent the terminal Eip28/29 base contained in the construct. We note that an earlier statement (Cherbas et al. 1986b ) that the region contained no sites for Hpal was in error.]
In constructs 3 and 14 the introns were deleted by substituting a Sacl-Pstl fragment from the E1P28 cDNA clone pKc45 (Cherbas et al. 1986b ) for the corresponding genomic region; this fragment spans all 4 exons of Eip28/29. Eip28/29-cat fusions contain the first 11 bases of the Eip28/29 transcription unit, joined by a short polylinker to the Hindlll (filled-in)-BamHl fragment of pSV2-cat (Gorman et al. 1982) , which contains the structural gene for CAT and an SV40 polyadenylation region. The 3' Eip28/29 fragment used in constructs 8 and 9 was a Spel-Hpal fragment consisting of bases -I-2204 to -1-5882, filled in to convert the Spel site to a blunt end, and inserted into the Smal polylinker site downstream of the cat-SV40 fragment. Eipl88-Adh consists of bases -188 to -h 11 of Eip28/29, fused by means of a polylinker to a Drosophila Adh fragment extending from base -23 of the larval transcription unit to ~ 1 kb 3' of the polyadenylation site (derived from pSAC; Goldberg 1980). X-188-CC-cat, our vector for testing EcREs, was constructed as follows: pUC18 (Yannisch-Perron et al. 1985) was modified by insertion of an additional synthetic polylinker into the Hindlll site. This oligonucleotide, 5'-AGCTATCGATAGGCCTGAT-ATCTCGAGATCTCTAGATACGTACGCGTCGACTCGCGA-3', was inserted with its 3' end (of the strand shown) toward the pUC18 polylinker. The resulting plasmid, pUCLl, retains all of the sites of pUC18 and has additional sites for Cial, Stul, EcoRV, Xhol, Bglll, Xbal, SnaBl, MM, Sail, and Nrul . The insert of 188-cc-ca£ (construct 16) was subcloned as a HindlllBamHI fragment between the Hindlll and BamHI sites of pUCLl. Fragments to be tested for EcRE activity (Fig. 5B) were either isolated from digests or synthesized de novo and inserted into one of the polylinker sites upstream of the insert.
The hsp27 promoter region was derived from the clone JlPRl (a gift from D. Osterbur, originally from E. Craig). JlPRl is a subclone of Jl (Craig and McCarthy 1980) . The sequence of the region is given by Riddihough and Pelham (1986) .
The published sequence for Eip28/29 (Cherbas et al. 1986b ) extends only to -1-2197. Since elements important for the ecdysone response are not included in this region, we have extended the sequence to 4-6436 (submitted to GenBank).
Transient expression assays
Cells at 3 X 10^/ml (10 ml/100-mm plate) were transfected by the addition of 1 ml/plate (20 fjig DNA/plate) of a DNA-calcium phosphate coprecipitate (Wigler et al. 1979) ; no carrier DNA was used. In all experiments except our initial screen of cell lines for transfectability, we prepared the precipitate at pH 7.05 rather than pH 7.10; the lower pH leads to a much stronger ecdysone response for many constructs (K. Lee, unpubl.) . Four plates were transfected with each precipitate.
In experiments where expression was assayed by Northern analysis, each construct was introduced as an equimolar mixture with Eipl88-Adh, with total introduced DNA remaining 20 |xg/plate. Cells were washed 12 hr after the addition of the precipitate, 20-hydroxyecdysone was added to two of the four plates (final concentration of 10"^ M) 8 hr later, and cells were harvested after an additional 4 hr. The contents of duplicate plates were pooled before preparing RNA.
In experiments where expression was assayed by CAT activity, the cells were washed 16 hr after the addition of the precipitate and ecdysone was added to two plates immediately. Each plate was harvested individually 24 hr later. CAT was assayed as described by Gorman et al. (1982) and modified by Rosenthal (1987) , corrected for protein concentration (Bio-Rad protein assay), and CAT specific activities from duplicate plates were averaged. No internal control for transfection was included in these experiments.
Northern analysis
RNA was isolated by the method of Chomczynski and Sacchi (1987) , separated on 1.5% formaldehyde-agarose gels (Lehrach et al. 1977) , using 10 fxg of RNA per lane, and blotted onto nitrocellulose. Except where otherwise indicated, duplicate Northern blots were probed with ^^p-labeled RNA probes for the 499-bp Sail fragment of bacteriophage A. and for Drosophila Adh to correct for loading errors and RNA degradation, using probes prepared from BlueScribe-based plasmids. Hybridized blots were exposed to Kodak XAR-5 film, without an intensifying screen, and the resulting autoradiograms were quantified by scanning densitometry. Controls for linearity were included in each set of scans.
Kc cell extracts
Kcl67 cells were expanded in spinner flasks and harvested by centrifugation. They were washed once in phosphate-buffered saline (0.13 M NaCl, 0.007 M Na2HP04, 0.003 M NaH2P04 at pH 6.7). In some cases, the cell pellets were frozen in liquid nitrogen and stored at -80°C for several weeks before use; in other cases, they were used fresh. Whole-cell extracts were prepared according to Manley et al. (1983) , fast-frozen in small aliquots, and stored at -80°C. Aliquots were thawed once and used immediately. Such extracts have a binding capacity of 50-100 fmoles of steroid per milligram of protein and are stable at -80°C for several months at least.
Blot assays of ecdysone receptor DNA binding
DNA was cut with restriction enzymes and fractionated by electrophoresis on agarose gels in TAE or on acrylamide gels in TEE (Maniatis et al. 1982) . Each lane contained ~1 |xg DNA/kb of starting material. No ethidium bromide was included in the gels. Following electrophoresis, gels were electroblotted (BioRad TransBlot Cell) onto a GeneScreen Plus filter (New England Nuclear), using the same buffer system that was used for the initial electrophoresis. For agarose gels, the transfer was at 15 V (0.2 A) for 1-2 hr, followed by 45 V (0.6 A) for 1-2 hr. For acrylamide gels, we used 10 V (0.04 A), followed by 20 V (0.13 A). Blotting was monitored by including a duplicate gel in which the DNA fragments were either labeled with ^^P or stained with ethidium bromide; fragments as small as 80 bp are efficiently blotted by this procedure and are retained on the blot during the ensuing steps. The blot was wrapped in plastic wrap and stored at -20°C until it was probed with the ecdysone receptor. Immediately before treatment with the receptor extract, the blot was shaken for ~1 hr at 4°C in milk buffer (10% Carnation nonfat dry milk, 40 mM KCl, 40 mM HEPES at pH 7.0, 0.1 mM dithiothreitol).
The ecdysone receptor in a Kc cell extract was labeled with [i2.5i]iodoponasterone (Cherbas et al. 1988) by incubating the undiluted extract with the ligand at -20 |xC/ml, at room temperature for 1 hr. An aliquot was tested to confirm binding (glass fiber filter technique, as described in Cherbas et al. 1988 ); typically -15-20% of the ligand was bound to receptor. The remainder of the ligand-extract mixture was diluted with 20 volumes of milk buffer and incubated with the blocked DNA blot for 3 hr at 4°C with gentle shaking. The volume of the incubation solution was just sufficient to cover the filter, typically 5-10 ml. After incubation with the labeled receptor, the filter was washed at 4°C (four changes, each about five times the volume used for incubation, over a period of 2 hr) in milk buffer, and exposed to Kodak XAR film overnight with an intensifying screen.
